The ability to monitor the structural health of the rotating components, especially in the hot sections of turbine engines, is of major interest to the aero community in improving engine safety and reliability. The use of instrumentation for these applications remains very challenging. It requires sensors and techniques that are highly accurate, are able to operate in a high temperature environment, and can detect minute changes and hidden flaws before catastrophic events occur. The National Aeronautics and Space Administration (NASA) has taken a lead role in the investigation of new sensor technologies and techniques for the in situ structural health monitoring of gas turbine engines. As part of this effort, microwave sensor technology has been investigated as a means of making high temperature non-contact blade tip clearance, blade tip timing, and blade vibration measurements for use in gas turbine engines. This paper presents a summary of key results and findings obtained from the evaluation of two different types of microwave sensors that have been investigated for possible use in structural health monitoring applications. The first is a microwave blade tip clearance sensor that has been evaluated on a large scale Axial Vane Fan, a subscale Turbofan, and more recently on sub-scale turbine engine like disks. The second is a novel microwave based blade vibration sensor that was also used in parallel with the microwave blade tip clearance sensors on the same experiments with the sub-scale turbine engine disks.
INTRODUCTION
The capability to monitor the structural health of the rotating components in a gas turbine engine is essential to the aero community for improving engine safety and reliability. The use of instrumentation for these applications is very challenging. It requires sensors and techniques that are able to operate in a very high temperature environment, are highly accurate, and can detect minute structural changes before catastrophic events occur. NASA's Aviation Safety Program (AVSP) is investigating new sensor technologies and techniques for the in-situ structural health monitoring of gas turbine engines. As part of this project, microwave sensor technology is being investigated as a means of making high temperature non-contact blade tip clearance, blade tip timing, and blade vibration measurements for use in structural health monitoring applications in gas turbine engines.
Microwave based sensor technology has the potential to be highly accurate, able to operate in a high temperature environment, and not be affected by contaminants that are present in engines. The use of microwave blade tip clearance and blade vibration sensors is an emerging concept. As a means of better understanding the issues associated with this type of sensor, several experiments have been conducted to evaluate sensor performance on aero engine type applications. This included the use of microwave blade tip clearance sensors on a large scale Axial Vane Fan and a subscale Turbofan. More recently, microwave blade tip clearance sensors have been evaluated for their suitability in making crack detection measurements on sub scale turbine engine like disks.
This latest experiment involved machining a notch to simulate a crack on a subscale turbine engine disk and monitoring the vibration response measured by the microwave tip clearance sensors as the disk was rotated at speeds up to 12 000 rpm on the NASA Glenn Research Center's High Precision Spin Rig. The purpose of this experiment is to evaluate the 24 GHz microwave sensors capability to make accurate and stable blade tip clearance measurements on rotating components operated at speeds up to 12 000 RM, which is much higher than the speeds where previous evaluations were conducted at.
In addition the experiment was also to investigate if the microwave sensors were sensitive and accurate enough to detect the minute changes in the disks whirl amplitude and phase caused by the presence of the simulated crack as predicted by the theoretical models. These measurements were compared to those acquired with high frequency capacitive blade tip clearance sensors which have been the standard sensor used in previous crack detection experiments. In addition, a novel microwave vibration measurement system was also used to demonstrate its capability in making non-contact vibration measurements on rotating components. This paper presents a summary of key results and findings obtained from the previous evaluation experiments using the microwave blade tip clearance sensors on the Axial Vane Fan and Turbofan, along with the results of using the microwave blade tip clearance sensors and new microwave vibration sensor on an experiment conducted on subscale turbine engine disks.
MICROWAVE BLADE TIP CLEARANCE / BLADE TIP TIMING SENSORS
The ability to monitor the structural health of the rotating components, especially in the hot sections of turbine engines, is of major interest to the aero community in improving engine safety and reliability (Ref. 1). In addition, the active control and minimization of the gap between the rotating turbine blades and the stationary case of gas turbine engines is being sought as a means of increasing engine efficiency, reducing fuel consumption, reducing emissions, and increasing engine service life (Ref. 2). To address this need, microwave sensor technology has been investigated as a means of making high temperature non-contact blade tip clearance and tip timing measurements for use in structural health monitoring and active clearance control applications in turbine engines. This technology is appealing due to its high accuracy and its potential to operate at extremely high temperatures that are present in turbine engines. It is intended to use blade tip clearance to monitor blade growth & wear and blade tip timing to monitor blade vibration & deflection.
SENSOR BACKGROUND AND THEORY
NASA has worked with Radatec (now Meggitt Inc.) through the Small Business Innovation Research Program (SBIR) program for the development of microwave sensor technology for high temperature non-contact blade tip clearance and blade tip timing measurements. The initial development of the technology was accomplished through a phase II SBIR contract awarded in 2002. Further development of the technology was accomplished in 2004 through 2005 as part of NASA's Ultra Efficient Engine Technology (UEET) Program. A prototype first generation 5.8 GHZ system was delivered as part of a phase III SBIR commercialization contract in 2007 and a second generation 24 GHZ system along with upgraded electronics were delivered as part of subsequent follow-on contracts in 2009 and 2010 respectively.
The microwave blade tip clearance sensor operates essentially as a field disturbance device. The tip clearance probe contains both a transmitting and receiving antenna. The sensor emits a continuous microwave signal and measures the signal that is reflected off a rotating blade. The sensor measures the changes in the microwave field due to the blade passing through the field. The motion of the blade phase modulates the reflected signal and this reflected signal is compared to an internal reference. Changes in amplitude and phase directly correspond to changes in the distance to the blade. The time interval of when the blade passes through the field is measured to provide blade tip timing. More detailed information on the sensor's theory of operation can be found in References 3 to 5. The microwave blade tip clearance probes are made of high temperature material and are designed to operate in temperatures up to 900 °C. The first generation probes (Fig. 1a) operate at 5.8 GHz and can measure clearance distances up to one-half the radiating wavelength which is 25 mm (~1.0 in.). The second generation probes (Fig. 1b) From analyzing the plots it is seen that the microwave sensor results closely track the readings from the capacitive sensor. The capacitive sensor measured a vibration amplitude of ~0.15 mm (~ 0.006 in.) while microwave sensor measured an amplitude of ~0.10 mm (~ 0.004 in.). This slight difference is likely due to the fact that the microwave probes (~2 Hz) do not sample as fast as the capacitive probes (~ 20 to 200 Hz) and did not capture the precise location of the peak measurement as the disk was quickly transitioned through the first critical speed of 2680 RPM. The phase Bode plots measured by each sensors closely match each other and show the expected 180 degree transition in phase as the disk moves through the first critical speed. While the vibration vector x-y plot defined the by the microwave sensors does not contain as many data points as the one derived by the capacitive sensor, they closely match each other and follow the same overall pattern. From analyzing these plots, with the exception of having less data points, the microwave blade tip clearance sensors performed similar and in-line with the capacitive sensor (Fig. 9) . A more quantitative analysis was made by examining the blade tip clearance profiles measured by each sensor at several speeds that the disk was tested at. Figures 10-12 show the blade tip clearance profile recorded by each sensor at speeds of 2 680, 4 000 and 12 000 RPM respectively. Figure 10 shows the profile acquired at 2 680 RPM. This speed was chosen as it represents the point where the largest vibration (shaft whirl) amplitude variations are experienced Again, good agreement was observed in the measurements of the individual blade tip clearances in the profile acquired at 12 000 RPM (Fig. 12) . In this case the capacitive sensor measured an average clearance of ~1.40 mm (0.055 in.) with a ~0.12 mm (0.005 in.) difference measured between the minimum and maximum individual blade clearances. The microwave sensor measured an average clearance of ~1.27 mm (0.050 in.) with the difference measured between the minimum and maximum individual blade clearances being ~0.11 mm (0.004 in.). This again, is within the expected accuracy of the sensors. It should be noted for this speed, the relative position of the absolute clearance measured by each sensor changed from the baseline condition measurements at 4 000 RPM. At 12 000 RPM the clearances measured by the capacitive sensor were ~0.10 mm (0.004 in.) higher than what it measured at 4 000 RPM. Similarly, the average clearance measured by the microwave sensor was ~0.12 mm (0.005 in.) lower than what it measured at 4 000 RPM. This phenomenon is real and the explanation for this is as follows. It was observed during all of the test runs, at the very high speed conditions of 10 000 to 12 000 RPM, the overall disk-rotor system pulls or moves in the direction that it is being rotated at. For our test case this was causing the entire disk and shaft system to pull towards the microwave sensor located at the 180 degree position (the back position) and away from the sensor located at the 0 degree position (the front position). Hence, at the high speed conditions, it was observed that the absolute clearances between the microwave sensor and the rotating disk shrank while the clearances between the capacitive sensor in the 0 degree position and the disk grew. Conversely, the opposite of this was observed when the disk was rotated in the opposite direction. Again, this was the first time we had two active sensors working on the rig and it was good to find that this phenomenon occurs so we can take it into account for future experimentation. In summary, based on the analysis presented above, the microwave blade tip clearance sensor proved to provide accurate and reliable readings and matched very well to the capacitive sensors that had been used in previous crack detection experiments.
Once it was found that the microwave sensors were accurate and provided stable readings over the entire disk operational range, the capacitive sensor in the 0 degree position was removed and replaced with another microwave blade tip clearance sensor. Thus, two sensors were installed, one in the original 180 degree position and one in the 0 degree position. A series of four experiments were then conducted operating the disk at speeds from 10 000 to 12 000 RPM for the purposes of determining if the microwave sensor could detect the presence of the simulated crack, that was previously machined into the disk, using the vibration based monitoring technique described in References 10-14. In this technique the presence of a crack creates a change in the disk-rotor systems center of mass as the disk is operated at high speed conditions. This change translates to an increase in the measured vibration amplitude as a function of rotational speed squared, ω 2 (Refs. [13] [14] .
The vibration amplitude plots derived from the microwave blade tip clearance sensor measurements in both the 0 degree and 180 degree positions are shown in Figure 13 . As observed in the plots the amplitude appears to be growing as the speed of operation is increased, which may be indicative of a crack. Curve fitting was attempted in the region above 5 000 RPM to look for the expected increase as a function of speed squared, ω2. This curve fitting was not conclusive and the level of observed growth was not sufficient enough to convincingly state that the sensor detected the presence of the notch, (simulated crack) in the disk. The changes observed were in the µm (sub thousandths of an in.) range and just above the noise floor level. However, this was not viewed as a failure and the results shown in Figure 13 do look promising. Similar results have been obtained using the capacitive sensor. Previous experimentation has found that the Nickel Alloy disk, even with the notch machined in it to simulate a crack, retained its structural integrity with minimal changes experienced even at the high speed, and highly loaded conditions. Hence at the time of the writing of this report, the lighter Aluminum disk is being installed on the spin rig for the purposes of conducting proof-of-concept crack detection experiments using the microwave blade tip clearance sensors. Further analysis is planned for the data acquired from the Nickel alloy disk. The results of this experimentation using the microwave sensors will be presented in the future. 
SENSOR
The paper, a me. The purpose of this test was to verify that the sensors could withstand the harsh environment of a turbine engine. Preliminary data acquired from this engine test are in the process of being analyzed and will be reported on in future conferences/publications.
A microwave blade vibration system was also used to make non-contact frequency of vibration measurements on rotating components. While just a first step and simple test for the system, the microwave vibration sensor was able to successfully measure the blade passing frequency of the rotating disk along with other vibration frequencies associated with the operation of the spin rig. The use of this system will be further refined with the goal of maturing it usage to provide a direct measurement of frequency of blade vibration for non-contact stress measurement (NSMS) applications. More on the usage of this system will be reported on as its capabilities are matured.
